This work examined window/door opening as means of bedroom ventilation and the consequent effect upon occupants' sleep, using data from 17 healthy volunteers.
| INTRODUCTION
About a third of an average person's life is spent asleep. 1, 2 The course of sleep has been differentiated into several stages, of which the slowwave sleep (SWS) and rapid eye movement (REM) stages are required for a good sleep and are, respectively, necessary for physical and mental recovery. 3 Poor sleep quality can have direct and indirect economic implications, by affecting productivity and workplace safety. 4 Previous reviews have unequivocally asserted that the indoor environment quality (IEQ) elements, like temperature, lighting, and background noise, impact sleep 5 and that inadequate indoor air quality (IAQ), indicated through high carbon dioxide (CO 2 ) levels, negatively impacts health and performance of building occupants. 6, 7 Sleeping environments often suffer from poorer ventilation rates as compared to our typical living environments. 8 Sleep microenvironment comprises of the pillow, mattress, bedding materials, etc., and the air volume trapped between the covers and the body of the person sleeping. This is the environment which potentially contains a diverse profile of pollutants and to which we are all exposed to for nearly a third of our life, creating significant exposure risks. [8] [9] [10] The importance of bedroom ventilation on overall exposure to CO 2 has been highlighted in some recent studies. The study by Gall et al 11 assessed CO 2 exposure of participants over their entire day and found that occupants in bedrooms with split air conditioners (AC) faced greater mean daily integrated CO 2 exposures and frequency of exposure to critical levels of CO 2 , as compared to occupants in naturally ventilated (NV) bedrooms. In a similar study, it was found that bedrooms with natural ventilation provided better sleeping condition than those with split ACs, 12 even though the thermal conditions of bedrooms with AC stayed within recommended limits while in NV bedrooms, the limits were routinely exceeded. CO 2 levels were higher in the bedrooms with AC and there were indications that the
The current work was designed to be able to contribute to this less explored field of IAQ impact on sleep of healthy youth, using CO 2 levels as an indicator for bedroom ventilation. The study was designed with an explorative setup. Sleep parameters were evaluated using multiple, orthogonal measures, both subjective and objective. It was intended that in addition to studying the effect of CO 2 levels on sleep parameters, results would be used to appraise the study methodology and protocols, thus providing guidance for future, more extensive studies.
| METHODS
A mixed-methods approach was used to study the sleeping environment under two different conditions of ventilation. One condition was with an open window or door (Open) and the other with closed windows and door (Closed). Measurements assessed the CO 2 levels, temperature, background noise, and relative humidity in the bedrooms. Qualitative assessment of sleep was done using sleep questionnaires, 21, 22 while quantitative assessment was done through actigraphy and sleep monitoring (using a Sensewear Armband) and movement detection (using a FlexSensor).
| Study participants and locales
Eighteen persons (age <30 years) were recruited, on voluntary basis, as participants. Participant demographics have been presented in Table 1 , along with their building type denoted by a letter. Building characteristics for each building type are summarized in Table S1 .
This research was conducted following Dutch human subjects regulations. Since the Dutch Medical Research Involving Human Subjects act (WMO) did not apply to this study, no official ethical approval was required. Nevertheless, all necessary precautions were taken under supervision of the last author, to protect the anonymity and confidentially of our participants. All participants were informed with a letter regarding the purpose of the study. Participants were informed that their participation was voluntary and that they were free to decline to participate or discontinue their participation at any time and that their responses will be processed anonymously and only used for research purposes. Participants signed an informed consent prior to starting the study.
During measurements, participants were asked not to consume alcoholic beverages, as studies show alcohol influences sleep, 23 and not to consume caffeinated drinks just before going to sleep. Participant assignment and study scheduling have been summarized in Figure 1 .
Participant 4 was excluded from the analysis due to a power failure which lead to loss of data and hence has not been included in Table 1 .
All participants were selected from around the Eindhoven area in the Netherlands. While participation was voluntary, we tried to recruit participants so as to obtain near similar building characteristics. Most participants lived in apartment-type buildings. Later, through a set of online questions, participants were screened to ensure that none of them used any sleep medication, suffered from any sleep disorders, or had any other health issues that could affect sleep (eg, recent surgery, asthma).
All the bedrooms were of single occupancy type; that is, there was only one sleeper in each bedroom. During the study, the bedroom layout (arrangement of furnitures) and occupancy were kept consistent.
Participants in two-room dorms opened an internal door, instead of a window, for ventilation. The other 10 participants opened a window by placing a 10-cm-long object in the window frame, to ensure a fixed opening area on all days. We thus also evaluated door opening effectiveness at lowering bedroom CO 2 levels. This is important when opening windows gets proscriptive due to cold outdoors. The present experiments were carried out under relatively cold outdoor conditions, when windows would not be normally opened for cooling the bedroom and the only
Practical Implications
• The findings from this study help in understanding effec- likely purpose for opening windows would be for better ventilation. The indoor thermal conditions were kept within comfort bounds by the radiant heating systems, which were occupant-controlled. Occupants were advised to maintain similar heating levels during all days of the study.
Constraints on measurement equipments availability and time available for voluntary participation meant that during any given week, six subjects could participate in the study and the study duration had to be 6 weeks, from October through December, 2015.
This would imply 3 weeks of Open studies and 3 weeks for Closed.
Open and Closed conditions were each assessed over 5 days during a week-Sunday evening to Friday morning-with no change in the room's occupancy or décor.
| Sleep characteristic assessment

| Subjective assessment of sleep quality
Qualitative and quantitative sleep assessment methods have been enlisted in Table 2 . Questionnaires were used to assess the qualitative sleep quality. The Pittsburgh Sleep Quality Index (PSQI) rates 24 The PSQI was answered thrice:
before the experiment, after a week of measurements in the first condition, and after a week of measurements in the second condition. The Groningen Sleep Quality Scale (GSQS) is a daily questionnaire with 15 true or false questions. 21 The questions of the Morning questionnaire (questions 2 through 5) were added to the GSQS, forming a single online questionnaire, filled in by participants every morning ( Figure S2 ). These questions of the Morning questionnaire were, among other, ratings of the depth of sleep and restfulness during the night.
Participants filled up the sleep diary ( Figure 2 ) on the subsequent morning, using their best recollection to indicate when they went to bed, when they fell asleep and when they woke up. This yielded sleep latency, length of sleep, number of awakenings, and sleep efficiency. Additionally, a comments section was given for further information. Sleep diary, PSQI, and GSQS were administered in Dutch as all participants were native Dutch.
| Objective assessment of sleep quality
Actigraphy was used for obtaining an objective assessment of participants' sleep. Actigraphy has the advantages of being economic, minimally intrusive from the participant's viewpoint, and usable over long periods. 25 In combination with subjective responses, it can provide data quality comparable to objective data obtained through polysomnography. 26 For actigraphy, the Sensewear Armband was used.
All participants wore it on their upper right arm during nights. The
Sensewear Armband is a clinically tested and validated, multisensor, body monitoring system. Along with activity rate, it also measures skin temperature (T skin ), heat flux, bed microclimate temperature (near body temperature, NBT), and skin galvanic response (for skin moisture levels). [27] [28] [29] The Sensewear logged data every minute. It also keeps track of when the wearer is lying down or is asleep, from which the Spikes in resistance correspond to bouts of restlessness. The sensor was placed under the participants' pillows. There were five such available sensors. Due to the dates when the participants were available and the number of sensors available, they could be used with 12 subjects for both Open and Close periods ( Table 3 . The instruments were connected to a Grant Squirrel data logger through the SquirrelView platform. To give an idea of the setup, a schematic is presented in Figure S1 . Time points when participants went to bed and woke up were ascertained using sleep diary entries. Objective parameters logged over this duration were compiled and used in the subsequent comparisons.
| Analysis of responses
MATLAB R2014b was used for data collation and pre-processing.
Statistical analysis used R. 31 Some details of the data collation and preparation have been provided with Supporting Information. The null hypothesis was that Open and Closed conditions did not cause significant differences in any of the measured parameters or parameters assessed through questionnaires. Sleep period, for data analysis, was determined from participants' Sleep Diary entries. Normality of the collected data was verified using the Shapiro-Wilk test. To test for significant differences, t test was used for normally distributed parameters while Wilcoxon signed-rank test was used for non-normal data.
We started with two-tailed tests and proceeded to one-tailed tests to compare between Open and Closed if significant differences (P < .05)
were noted from the two-tailed tests. Pearson product-moment correlation (r) was also calculated between sleep parameters and indoor environmental parameters.
Due to constraints on equipment availability and when participants were willing to volunteer their time, we had Open and Closed data from 17 participants. Thus, for comparisons between participants, using paired tests, we have a power of 0.8 but only for large effect sizes and for the daywise averages compared in two sample tests, a power of 0.8 for medium-sized effects. 32, 33 These approximations of power are because nonparametric tests are less powerful than parametric ones.
There is relative agreement in literature regarding activity during sleep being significantly below sedentary levels. 34 Hence, recorded activity rates (from the Sensewear) were used as an objective sleep quality indicator. k-means clustering was used to identify activity rate-CO 2 level clusters, as an indication for ventilation levels across which activity levels may have a distinctive change.
| RESULTS
Outdoor temperature, humidity, and wind velocity for the survey dates, averaged from hourly measurements taken from 8 pm to 8 am,
for the Eindhoven area, 35 have been summarized in Figure 3 . Between
Open and Closed days, nighttime outdoor air temperature (P = .88), outdoor humidity (P = .86), and outdoor wind velocity (P = .75) did not differ significantly. Also, nighttime outdoor air temperature did not dif-
fer significantly between open window and open door dates (P = .80).
The IEQ parameters measured (temperature, RH, noise, and CO 2 levels) did not correlate with the building types or location of a building being close to a major street. Hence, apartment type was not used as a criteria in the analysis discussed subsequently. The corresponding cumulative probability distribution plots are provided in Figure 5A . Defining evening period as from 6 pm to 10 pm and night as from 10 pm to 6 am, noise levels recorded during evening did not significantly differ from those recorded during night (P = .21).
| Objective parameters
| Opening windows vs opening doors
Indoor temperatures and CO 2 levels for door and window cases, under Closed and Open conditions, are given in Figure 6 . These are daywise average values for the indoor temperature and CO 2 levels.
In Open operation, window cases lead to significantly lower CO 
| Objective sleep parameters
Time spent sleeping under Open and Closed conditions, assessed from Sensewear data, compared for 17 participants on all 5 study days,
were not significantly different (P = .48). Other objectively measured sleep parameters are presented in Table 4 , with the ones measured using Sensewear Armband being marked as -SA and the one measured F I G U R E 3 For nighttime of the survey days, (A) average outdoor relative humidity, (B) average outdoor wind velocity, and (C) average outdoor air temperature using FlexSensor being marked as -FS. None of the parameters in Table 4 exhibited a significant difference between Open and Closed.
Binned data from Sensewear measurements are presented in Figure 7 for recorded activity rates, skin temperature (T skin , at the site of wearing the Sensewear), and near body temperature (NBT), that is, the temperature measured by the Sensewear in its immediate vicinity, close to the wearer's body. As can be seen from the bins for NBT and T skin , although there were some difference, NBT mostly kept between 27 and 35°C while T skin mostly kept within 29-35°C. Activity rates, again for both
Open and Closed conditions, kept mostly below 1.4 met. However, conspicuously, activity levels for Closed were more frequently under 1 met.
Overall, from the statistical comparisons, Closed T skin and NBT were significantly greater (P < .00001) than for Open conditions. However, as may be seen from Figure 7B ,C, in spite of the statistically significant differences, the values were not very different in practical terms. SP values were not significantly different for 8 participants and significantly higher under Open conditions for 5 participants. Overall, SP for Closed condition was significantly less, P = .003. Higher value of sleep type/phase implies a deeper/better sleep.
| Subjective sleep questionnaires
PSQI scores of the participants did not differ between Open and
Closed (P = .88). Also, the scores for Open (P = .44) or Closed (P = .51)
did not differ from the responses taken before starting the study. Table 5 shows the results of sleep quality variables that are obtained
F I G U R E 4 Cumulative probability plots of bedroom (A) CO 2 levels, (B) T air , (C) Humidity, and (D) FlexSensor readings in the bedrooms, under Open and Closed conditions F I G U R E 5 Cumulative probability plots of background noise levels in the bedrooms (A) Open vs Closed conditions for different bedrooms and (B) Door vs window open vs everything closed
from the questionnaires. None of the sleep quality variables recorded were normally distributed. Of all queried measures, only subjectively rated depth of sleep showed a significant difference between Open and Closed (P < .0001).
| Correlations between parameters
Part of these results, especially parameters for which no significant correlations were found, have been reported as part of Supporting Information.
| Indoor parameters and subjective responses
Depth of sleep correlated significantly with CO 2 levels (r = −.16; P = .048) and temperature (r = .21; P = .016). The sign of the "r" values indicates that increasing CO 2 reduces depth of sleep while increasing T air (over the recorded range) improves sleep depth. Depth of sleep also showed correspondence with combination of T air and CO 2 , expressed in Equation 1.
| Indoor parameters and objective sleep data
Daywise number of awakenings correlated with CO 2 levels (r = for young adults, 36 the correlation between activity and CO 2 levels, limited to those situations where activity was ≤0.9 Met, came out as r = .4 (P < .0001). These situations corresponded to 12.5% of the total readings.
Number of awakenings and sleep efficiency correlated well with the combination of CO 2 and temperature. These relations are expressed in Equations 2 and 3, respectively. Table 6 shows the correlation between daywise sleep latency, length of sleep, number of awakenings, sleep efficiency, and sleep quality as assessed from the questionnaire and the Sensewear. We treat SP values from Sensewear as the objective measure of sleep quality. Except for sleep efficiency and quality, the other sleep-related parameters that had been evaluated both subjectively and objectively showed significant correlations between their subjectively and objectively evaluated values. The correlations may not be strong (large "r" value)
| Objective and subjective assessment
for awakenings, efficiency, and sleep quality. Even so, the observed values merit future in-depth investigation. readings, an inset is provided ( Figure 8C ) focusing on the lower end of the y-axis scale.
| Clusters analysis
In Figure 8A ,C, low activity rates and FlexSensor readings are notably absent beyond a certain CO 2 level (~1000 ppm for activity levels and ~1500 ppm for FlexSensor values). These observations indicate that while activity rates/restlessness can be widely distributed for higher ventilation (low CO 2 levels), at lower ventilation (higher CO 2 levels), activity rates/restlessness that would be typically associated with a sleeping person are conspicuously absent. No corresponding step change is noted for activity-level variation with T air .
These observations led to use of k-means clustering analysis to get a more precise estimate of the CO 2 level corresponding to these step changes. Herein, CO 2 levels were being used as proxy for bedroom ventilation. Using k-means clustering on the CO 2 -activity rate matrix, two clusters are identified. These are as follows:
• The CO 2 levels for the two clusters show a clear demarcation at about 1200 ppm, the current recommendations from Dutch regulations. 18 The mean CO 2 level for Cluster 1 is also close to 800 ppm, an often discussed limit in literature. Although the mean activity rates are not very different, they are both close to 1 Met, as is to be expected for occupants lying down/asleep. We revert back to these findings more in the Discussions.
| DISCUSSIONS
Among the studies on how IEQ affects sleep, in situ, few have looked at impact of IAQ on sleep quality using primarily objective measures of sleep. While the results from such studies may vary in their details and may not always be statistically significant, the overall consensus points to lower CO 2 values improving self-assessed sleep quality, subjective perception of air, better wakefulness and ability to concentrate on the day after, and better actigraphy determined sleep efficiency. The findings of the current study implied that opening either a door or a window leads to better ventilation, as indicated by reduced CO 2 levels. However, of the different objectively and subjectively ascertained sleep parameters, significant differences between Open and Closed conditions were observed only for subjectively rated sleep Previous studies, using window opening for creating variations in bedroom ventilation, have noted both improved sleep quality on GSQS (non-significant) 38 and reduced sleep quality on GSQS. 19 Our study did not discern a significant difference on the GSQS between Open and Closed, although on average the Open GSQS was better (Table 5) . Improvement of sleep depth with lower CO 2 concentrations corresponds to similar results found by Laverge et al. 19 We also note that for ≤0.9 Met, there is a clear indication that higher CO 2 levels correspond to higher activity rates, indicating a less restful sleep.
The multivariate correlations discussed in Section 1 show that sleep efficiency varies inversely with CO 2 levels and warmer tempera- 
| Study design and limitations
| Measuring sleep parameters
Our investigation employed multiple, orthogonal methods to assess sleep quality. Occasionally participants missed out on filling the online questionnaire while the sleep diary on paper was filled regularly. This suggests that for ensuring participant feedback, paper-based questionnaires may be the better alternative. Our analysis suggested that a period of participants adjusting to the measurement condition may not be necessary. Even so, we excluded the first day's subjective feedback from analysis. Future studies may also rely on a similar exception and accordingly design the experiment scheduling. Analysis of the results showed that although there were differences between objective and subjective sleep quantity indicators-length, latency, efficiency, and introduce bias in the results. It is difficult to screen for these effects, unlike the screening that was done for any pre-existing medical conditions in the recruitment questions. An option could be alternative questionnaire versions which also query the participants regarding their mental and physical stress level during different days.
Sleep quality can impact an individual's next day work performance. 1 It would be interesting for future studies to include questions on self-assessed productivity and overall impression on their performance at work that participants answer during the evening, before going to sleep. This does mean the participants would have one more step added to the routine, but the findings could be quite useful.
| Experimental design
The study design managed to achieve a distinction in CO 2 levels, as intended, by relying on opening and closing of available, occupantcontrolled openings in the buildings. We used the measured CO 2 concentration, along with occupancy of the bedrooms, to estimate ventilation rates during Open and Closed. These values were also significantly different (P < .00001), irrespective of building type, room size, or opening type. We have not presented the ventilation rate data separately since it was a derived quantity (from CO 2 measurements)
and not a directly measured one.
Since indoor air quality has additional aspects to it, beyond the CO 2 levels, future studies would need to measure how such aspects are affected by bedroom ventilation. This is especially true for pollutants like particulate matter, which do not have an internal source and are most likely to be carried in along with outdoor, ventilation air.
While achieving significant difference in CO 2 levels, the design also created significant differences in background noise levels, which may have created a confounding factor. This would require careful analysis in future works. It may be noted here that the higher noise levels due to open windows are liable to deteriorate sleep quality. So, any improvement noticed because of increased ventilation from window opening is on the conservative side.
The intervention also caused a significant difference in T air . But, assuming occupant activity rates as an unbiased indicator of sleep quality, it may be noted from Figure 8B This has also been observed by several previous studies. 2, [42] [43] [44] [45] Future studies may dwell on reliable methods for extracting data that may be used to estimate clo value of the sleeping participants. But monitoring bedding microclimate objectively could be a suitable solution.
A "gap" in observation points is noted between 20.4 and 23.2°C
(encircled on the plot, Figure 8B ). Investigating activity rates and CO 2 levels in this zone showed that within the aforementioned temperature bounds, 70% of the CO 2 readings were over 800 ppm. Thus, this would suggest that low ventilation rates (hence higher CO 2 levels) are associated with activity rates higher than typically assigned to sleep conditions-as already mentioned in Section 4. It may be noted that temperature and CO 2 do not have any correlation. We do not have an explanation for such a combination of the temperatures and CO 2 levels.
The subjects were aware of the intervention and its nature. This could have influenced their subjective responses. Further investigations would need to consider mechanical ventilation, with silent fans to create IAQ differences in the bedroom environment. Another remedy could be greater reliance on objective measurements. As our results suggest, the objective and subjective findings were well correlated, thus justifying a reliance on objective methods.
Since we were looking into sleep duration and quality, it would have been useful to measure the daylight exposure of the participants.
Unfortunately, this could not be undertaken. A presumption made was that all participants had similar levels of daylight exposure due to similar lifestyles as students.
Like a few previous studies, 1, 19 all our participants were also young students. Their irregular lifestyle and sleeping pattern could have reduced the likelihood of obtaining relevant results. Further studies should consider recruiting adults with more regular lifestyles. As our studies were conducted in normal residences, instead of student dorms, we thus verify the feasibility of such studies in other similar residences as well.
CO 2 levels and noise levels correlated with the room size. In bedrooms with a volume larger than 50 m 3 , the average CO 2 level was 721 ppm while it was 1032 ppm in the bedrooms smaller than 50 m
.
Similarly, the larger bedrooms had average sound level of 47.4 dB(A), while it was 41.59 dB(A) in bedrooms smaller than 50 m 3 . It would hence seem pertinent that when such studies are extended to residences, bedrooms of nearly similar size be chosen.
| CONCLUSION
This work investigated influence of bedroom air quality, as signified by CO 2 levels, on different sleep parameters. To this effect, subjective and objective measurements of sleep quality were taken while ventilation was influenced using occupant-operated openings (doors and windows). Results show that under Open condition, CO 2 levels were significantly lower (P < .00001). Qualitative information, obtained using subjective questionnaires, only indicated a significant difference in self-assessed depth of sleep and Sensewear assessed sleep phase between Open and Closed.
Subjectively assessed sleep depth and length correlated with CO 2 levels. Objectively measured sleep efficiency and number of awakenings also correlated to the CO 2 levels measured. Lower CO 2 levels implied better sleep depth, sleep efficiency, and lesser number of awakenings. A finding with major possible significance for future studies was that values of sleep parameters recorded by objective and subjective methods, correlated well with each other.
This should help further establish the role of actigraphy in studying sleep.
